Neuroinflammation associated with advanced HIV-1 infection is often exacerbated in cocaine-abusing, HIV-infected patients. The underlying mechanisms could, in part, be attributed to the increased impairment of blood brain barrier integrity in the presence of cocaine. Plateletderived growth factor (PDGF) has been implicated in several pathologic conditions, specifically attributable to its potent mitogenic effects. Its modulation by drug abuse, however, has received very little attention. In the present study, we demonstrated cocaine-mediated induction of PDGF-BB in human brain microvascular endothelial cells through the binding to its cognate receptor. Furthermore, this effect was mediated, with subsequent activation of mitogen-activated protein kinases and Egr-1 pathways, culminating ultimately into increased expression of PDGF-BB. Cocaine exposure resulted in increased permeability of the endothelial barrier, and this effect was abrogated in mice exposed to PDGF-BB neutralizing antibody, thus underscoring its role as a vascular permeant. In vivo relevance of these findings was further corroborated in cocaine-treated mice that were administered neutralizing antibody specific for PDGF-BB as well as in Egr 
Introduction
Although the advent of combined antiretroviral therapy has significantly decreased the incidence of HIV-associated neurocognitive disorders (HANDs), the prevalence of the disease is actually increasing. Drug abuse has been implicated as a contributing risk factor for increased neuroinflammation associated with HIV-1 infection. Intriguingly, cocaine has been shown to open up the blood-brain barrier (BBB). [1] [2] [3] BBB is critical for the maintenance of central nervous system (CNS) homeostasis and for the regulation of the neuronal microenvironment. However, under conditions of barrier disruption as in HIV-1 infection, virus can enter the CNS through infected leukocytes likely via the Trojan horse mechanism.
Zhang et al 3 have demonstrated that cocaine-mediated effects on the BBB are complex, including both direct proapoptotic effects on the endothelial cells as well as indirect paracrine effects that are manifested by proinflammatory modulators such as chemokines and cytokines. Cocaine plays a critical role in HIV-1 neuroinvasion, thus accelerating the progression of HAND. [1] [2] [3] Because the chemokine/growth factor platelet-derived growth factor (PDGF) has been shown in previous reports to be upregulated in the areas around the blood vessels in the brains of macaques with simian immunodeficiency virus infection, 4 we hypothesized that cocaine-mediated disruption of the endothelial barrier could involve PDGF. Adding further validity to this hypothesis was a recent report by Su et al 5 suggesting the role of a novel mediator of the PDGF family as a cerebrovascular permeant in ischemic stroke. Other investigators have also demonstrated the effects of PDGF on endothelial cells. [6] [7] [8] PDGF comprises a family of proteins that are the products of 4 genes (A-D) that are highly conserved throughout the animal kingdom. 9 Members of this family are disulfide-bonded polypeptides that have multifunctional roles ranging from embryonic development to wound healing. [10] [11] [12] PDGF signaling has been implicated in several pathologic disease states 9, [13] [14] [15] [16] [17] ; however, its role in HAND, specifically as it pertains to drug abuse-related changes in barrier permeability, has not been elucidated.
In the present study we explored the mechanisms by which cocaine mediates the induction of PDGF in human brain microvascular endothelial cells (HBMECs) and its functional implications in associated increased neuroinflammation. Understanding the regulation of the isomeric form of PDGF-B (PDGF-BB) expression and its functional relevance by cocaine may provide insights into potential therapeutic targets for neuroinflammation that is correlated with drug abuse.
Methods

Animals
C57BL/6N mice were purchased from (Charles River Laboratories Inc). Egr-1 Ϫ/Ϫ mice purchased from Taconic; before purchase, they were backcrossed 10 generations to a C57BL/6N inbred background. All of animals were housed under conditions of constant temperature and humidity on a 12-hour light/12-hour dark cycle, with lights on at 7:00 AM. Food and water were available ad libitum. Animals were deeply anesthetized by overdose of isoflurane followed by pneumothorax before perfusion. All animal procedures were performed according to the protocols approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center.
Cell culture
Primary HBMECs were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum, 10% Nu-Serum (BD Biosciences), 2mM glutamine, 1mM pyruvate, penicillin (100 units/mL), streptomycin (100 g/mL), essential amino acids, and vitamins. All cellculture dishes were coated with rat tail collagen type I (R&D Systems Inc).
Reverse transcription and real-time PCR
The quantitative polymerase chain reaction (PCR) primers for mouse PDGF-BB were obtained from SABiosciences. Total RNA was extracted with Trizol reagent (Invitrogen) according to the manufacturer's instructions and our previous report. 18 Short Interfering RNA transfection HBMEC cells were transfected with short interfering RNA (siRNA) -1 receptor (-1R) from Dharmacon. The knockdown efficiency of siRNAs was determined after 2 days of transfection by Western blotting.
Western blotting
Treated cells were lysed by use of the Mammalian Cell Lysis kit (Sigma-Aldrich). Equal amounts of the proteins were electrophoresed in a sodium dodecyl sulfate-polyacrylamide gel (12%) under reducing conditions followed by transfer to polyvinylidene fluoride membranes. The blots were blocked with 5% nonfat dry milk in phosphate-buffered saline (PBS). The Western blots were then probed with antibodies recognizing the phosphorylated forms of extracellular signal-regulated kinase (ERK), JNK, p38, Akt (1:200, Cell Signaling), PDGF-BB (1:1000; Santa Cruz Biotechnology), Egr-1 (1:200; Santa Cruz Biotechnology), and ␤-actin (1:4000; Sigma-Aldrich). The secondary antibodies were alkaline phosphatase conjugated to goat anti mouse/rabbit IgG (1:5000) as described previously. 19 
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was performed according to the manufacturer's instructions (Millipore). After treatment the cells with cocaine for 1 hour, 18.5% fresh formaldehyde was added directly into the medium at a final concentration of 1% formaldehyde and incubated for 10 minutes at room temperature, followed by quenching with 10 ϫ glycine. The cells were then scraped using 2 mL of prechilled PBS containing 1 ϫ protease inhibitor cocktail. The cell pellet was harvested by spinning at 800g at 4°C followed by adding lysis buffer (provided in the kit) to harvest nuclei. DNA was sheared by sonication. A total of 50 L of the sheared cross-linked chromatin was then mixed with 20 L of protein A magnetic beads and 5 g of the corresponding antibodies (anti-Egr-1, Anti-acetylHistone H3, or IgG) diluted in 450 L of dilution buffer followed by incubation overnight at 4°C. The magnetic beads binding antibody/ chromatin complex was then washed with 0.5 mL each of a series of cold wash buffers in the order of low salt buffer, high salt buffer, LiCl buffer, and finally with Tris-ethylenediaminetetraacetic acid buffer. The cross-linked protein/ DNA complexes were reversed to free DNA by incubation at 62°C for 2 hours and purified by the use of DNA purification spin columns following the manufacturer's instructions. Finally, the purified DNA was amplified via PCR to identify promoter region containing Egr-1 binding site "GCG GGG GCG." The sequence of the primers used to identify the PDGF-BB promoter bound by transcription factor Egr-1 was as follows: sense: 5Ј-gcagaggcctgagcgcctgatc-3Ј, anti-sense: 5Ј-cggagtcggcatgaatcgctgc-3Ј.
Cell permeability
Primary HBMECs at passages 10-12 were seeded on 6.5-mm polyester Transwell inserts (0.4-m pore size) and grown to confluence. After confluency HBMECs monolayers were exposed to a mixture of cocaine (10M) and neutralizing PDGF-BB antibody (500 ng/mL) or an isotype antibody for the time indicated. To detect changes in monolayer permeability, fluorescein isothiocyanate Dextran-4 (1 mg/mL; Sigma-Aldrich) was added to the upper chamber of the Transwell plates. Aliquots (100 L) were collected from the lower chamber for fluorescent measurement using excitation and emission wavelengths of 480 and 530 nm, respectively.
Isolation of brain microvessels
Brain microvessels were isolated as described previously. 20 Animals under anesthesia were perfused with saline; the brains were removed and immediately immersed in ice-cold isolation buffer A (103mM NaCl, 4.7mM KCl, 2.5mM CaCl 2 , 1.2mM KH 2 PO 4 ,1.2mM MgSO 4 , and 15mM HEPES [N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid], pH 7.4, with Complete Protease Inhibitor). The choroid plexus, meninges, cerebellum, and brain stem were removed followed by homogenization of the brain in 5 mL of isolation buffer B (Buffer A with 25mM NaHCO 3 , 10mM glucose, 1mM Na pyruvate, and dextran [molecular weight 64 kD; 10 g/L], pH 7.4) with Complete Protease Inhibitor. Dextran (26%) was then added to the homogenates followed by centrifugation at 5800g for 20 minutes. Cell pellets were resuspended in isolation buffer B and filtered through a 70-m mesh filter (Becton Dickinson). Filtered homogenates were repelleted by centrifugation and smeared on slides.
For immunofluorescence staining, brain microvessels smeared on slides were fixed for 10 minutes at 95°C, followed by incubation with 3% formaldehyde in PBS for 10 minutes at 25°C. The slides were washed 5 times with PBS, permeabilized with 0.1% Triton X-100 for 30 minutes, rewashed 5 times in PBS, and blocked in 1% bovine serum albumin in PBS for 30 minutes at 25°C. Samples were then incubated with rabbit PDGF-BB (1:50; Santa Cruz Biotechnology) and Cav-1 (1:100; Santa Cruz Biotechnology) antibodies (1:100) overnight at 4°C. The slides were washed with PBS and incubated with AlexaFluor 594-conjugated anti-rabbit or AlexaFluor 488-conjugated anti-mouse immunoglobulin G (IgG) for 1 hour at room temperature. After a final washing with PBS, the slides were mounted with mounting medium (Prolong Gold Anti-fade Reagent; Invitrogen) was applied and coverslips were sealed with clear nail polish. Fluorescent images were acquired at room temperature on a Zeiss Observer. A Z1 inverted microscope was used (40ϫ/0.3) oil objective. Images were processed with the use of AxioVs 40 Version 4.8.0.0 software (Carl Zeiss MicroImaging GmbH). Photographs were acquired with an AxioCam MRm digital camera.
Assessment of the BBB Integrity
Assay of BBB integrity was performed in C57BL/6 and Egr-1 Ϫ/Ϫ mice. C57BL/6 mice were divided into 5 groups (n ϭ 6): (a) saline, (b) cocaine, (c) cocaine plus anti-PDGF-BB neutralizing antibody, (d) cocaine plus isotype control antibody, and (e) mannitol. Egr-1 Ϫ/Ϫ mice were treated with either saline or cocaine. Cocaine was injected at a dose of 20 mg/kg once daily on day 1 for 7 days intraperitoneally. In the antibody plus cocaine group, cocaine was first injected for 2 days followed by an intraperitoneal antibody injection on days 3 and 5 at a concentration of 25 g/mouse/ injection (anti-PDGF-BB neutralizing antibody; AF-220-NA, or isotype control goat IgG 1 ; AB-108-C, R&D Systems). On the 8th day, animals were injected in the tail vein with 200 L of sodium fluorescein (6 mg/mL; Sigma-Aldrich) in PBS that was allowed to circulate for 15 minutes. As a positive control, 200 L of mannitol (2M) was injected through tail vein to circulate for 1 hour followed by sodium fluorescein injection. The mice were then anesthetized with isoflurane in oxygen and perfused with 30 mL of heparinized saline through the left ventricle. The brains were then harvested and homogenized in PBS (1:10 g/vol). The homogenates were precipitated in 15% trichloroacetic acid (1:1 vol/vol) and centrifuged at 1000g for 10 minutes. The pH was adjusted by adding 125 L of 5M sodium hydroxide to 500 L of supernatant aliquots, and fluorescence was detected with a fluorescence plate reader with excitation at 485 nm and emission at 530 nm, followed by quantification according to the previously described report. 21 
Statistical analysis
Statistical analysis was performed using one-way analysis of variance with a post hoc Student t test. Results were judged statistically significant if P Ͻ .05 by analysis of variance. 
Results
Cocaine-mediated up-regulation of PDGF mRNA and protein in HBMECs
It is well documented that members of the PDGF family play critical roles as cerebrovascular permeants, especially in BBB damage. 5 Very little is known, however, whether drugs of abuse such as cocaine that impair endothelial integrity exert their action through PDGF. In the present study HBMECs were serum-starved overnight followed by exposure to cocaine (10M) for various time points. As an initial screen to identify which of the PDGF chains were regulated in response to cocaine, mRNA levels of PDGF-A, -B, and -C chains were determined by real-time PCR. As shown in Figure 1A , PDGF-B mRNA was maximally up-regulated (4.73-and 2.83-fold) at 12 and 24 hours, respectively, in HBMECs compared with other PDGF subtypes. Further studies were thus kept focused on PDGF-B chain primarily.
Having determined that cocaine mediated increased expression of PDGF-B chain mRNA, the next step was to examine the optimal concentration of cocaine that resulted in up-regulation of PDGF. As shown in Figure 1B , HBMECs cultured in the presence of 10M cocaine demonstrated increased up-regulation of PDGF-B chain mRNA with slightly lower levels in cells exposed to 100M cocaine. For further studies we resorted to exposure of cells to 10M cocaine. The rationale for choosing the range of cocaine (1-100M) was determined on the basis of reports indicating these concentrations of cocaine in the brains of cocaine abusers after acute intoxication. [22] [23] [24] To examine whether the mRNA upregulation translated into increased protein expression, HBMECs were treated as described above, followed by cell lysis and subject to Western blotting. As shown in Figure 1C cocaine up-regulated PDGF-BB protein expression in a time-dependent manner, with a peak expression at 12 hours and a gradual decrease thereafter. Cumulatively, these data clearly demonstrate cocaine-mediated induction of PDGF-B chain RNA and PDGF-BB protein in HBMECs.
Cocaine-induced activation of MAPKs (ERK, JNK, p38) and PI3K-Akt pathways
Because mitogen-activated protein kinases (MAPKs) and phosphoinositide 3-kinase (PI3K)-Akt pathways play critical roles in cocaine-mediated signaling pathways, 18, 25 we next examined the involvement of these pathways in cocaine-mediated induction of PDGF-BB. First, we examined the effect of cocaine on the activation of MAPKs. As shown in Figure 2 , treatment of HBMECs with cocaine resulted in increased phosphorylation of ERK, JNK, p38, and Akt. The role of these signaling pathways was further assessed with the use of a pharmacologic approach to block their activation. Pretreatment of cells with either MEK (U0126), JNK (SP600125), p38 (SB203580), or PI3-K (LY294002) inhibitors resulted in amelioration of cocaine-mediated induction of ERK, JNK, p38, and Akt, respectively, thus underpinning their roles in the process.
ERK and JNK but not p38 or PI3K-Akt pathways are involved in cocaine-mediated Egr-1 expression in HBMECs
Having determined the activation of ERK, JNK and p38 MAPKs in cocaine-treated HBMECs and because PDGF promoter is known to have a Egr-1 binding site, we next sought to examine whether Egr-1 was the downstream mediator of the MAPKs pathway activated by cocaine. As shown in Figure 3A , cocaine up-regulated expression of Egr-1 in a time-dependent manner, with peak expression between 1 and 2 hours and a decrease thereafter. Together, these data clearly demonstrate that cocaine mediated the induction of Egr-1 expression in HBMECs.
Next logic step then was to examine whether there existed a link that could tie the activation of ERK, JNK, p38 MAPKs, and PI3K/Akt to Egr-1. Similar to the studies on signaling molecules described previously, HBMECs were pretreated with MEK, JNK, p38, or PI3K inhibitors followed by treatment with cocaine and assessed for expression of Egr-1 by Western blotting. As shown in Figure 3B , MEK and JNK but not the p38 or PI3K inhibitors were able to inhibit cocaine-mediated activation of Egr-1.
Further validation of the involvement of ERK pathway in this process was confirmed by transfecting cells with either the wild-type (WT) or dominant-negative (DN) constructs of MEK followed by exposure to cocaine. Cocaine-mediated induction of Egr-1 was attenuated by DN-MEK but not by the WT-MEK 
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YAO Figure 3C ). Taken together, these findings thus underscore the involvement of ERK and JNK MAPKs but not p38 or PI3K/Akt cascade in cocaine-mediated induction of Egr-1 in HBMECs.
We next wanted to address the functional role of MAPKs and PI3K/Akt in PDGF-BB expression induced by cocaine. HBMECs were pretreated with inhibitors specific for the respective signaling pathways before stimulation with cocaine and assessed for expression of PDGF-BB. As shown in Figure 3D , pretreatment of cells with MEK (U0126, 20M), JNK (SP600125, 20M), but not p38 (SB203580, 20M, data not shown) or PI3K (LY294002, 10M) inhibitors resulted in amelioration of cocaine-mediated induction of PDGF-BB. Together, these findings confirm the involvement of ERK and JNK MAPKs but not p38 MAPK or PI3K/Akt cascade in cocaine-mediated induction of PDGF-BB in HBMECs.
Involvement of Egr-1 in cocaine-induced expression of PDGF-BB in HBMECs
Because Egr-1 is a transcription factor implicated in the induction of PDGF-BB in arterial endothelial cells, 26 we next examined its role in cocaine-mediated induction of PDGF-BB. The approach of silencing Egr-1 expression with the siRNA transfection was used. As shown in Figure 4A , transfection of HBMECs with Egr-1 siRNA resulted in efficient knockdown of Egr-1 protein as evidenced by Western blotting. Intriguingly, Egr-1 siRNA also significantly abrogated cocaine-mediated up-regulation of PDGF-BB expression ( Figure 4B ). To further validate the involvement of the Egr-1 in cocaine-induced regulation of PDGF-BB, cells were transfected with either WT or DN constructs of Egr-1, followed by exposure with cocaine. Cocaine-mediated inductions of PDGF-BB were attenuated by the DN-Egr-1 construct but not by the WT-Egr-1 construct ( Figure 4C ). Collectively, these findings thus underscored the role of Egr-1 in cocaine-mediated induction of PDGF-BB. The next step was to confirm the binding of Egr-1 to the PDGF-B promoter in its natural chromatin context. We resorted to the ChIP assay to reveal active sites on the promoter that were accessible to Egr-1. HBMECs were treated with cocaine for 1 hour followed by RNA extraction and processed by the use of the ChIP Analysis kit. These findings demonstrated increased binding of Egr-1 to the PDGF-B promoter in HBMECs exposed to cocaine ( Figure 4D-E) .
Engagement of -1R is critical for cocaine-induced PDGF-BB expression
-1R, which belongs to the nonopioid receptor family, binds to a diverse class of psychotropic drugs, including cocaine. 27 Cocainemediated induction of Egr-1 was significantly attenuated by pretreatment of cells with the known -1R antagonists BD1047 28 and progesterone 29 ( Figure 5A ) or in cells transfected with -1R siRNA ( Figure 5B) . A similar trend was observed for PDGF-BB in cells treated with either the -1R antagonists ( Figure 5C ) or the -1R siRNA (Figure 5D ), thereby underscoring the role of -1R in this process. For personal use only. on July 15, 2017. by guest www.bloodjournal.org From For personal use only. on July 15, 2017. by guest www.bloodjournal.org From
Cocaine-mediated disruption of zona occludens 1 expression involves PDGF-BB
To examine whether cocaine induced disruption of BBB, HBMECs were exposed to cocaine and assessed for expression of tight junction protein zona occludens 1 (ZO-1). As shown in Figure 6A , cocaine exposure resulted in a sustained time-dependent decrease in ZO-1 expression. To assess whether this effect was mediated by cocaine-induced PDGF-BB, HBMECs were cocultured with cocaine with or without PDGF-BB neutralizing antibody followed by analysis of ZO-1 expression. As shown in Figure 6B , and as expected, exposure of cells to cocaine resulted in significant reduction in ZO-1 expression at 24 hours compared with untreated control cells. Intriguingly, treatment of cells with the PDGF-BB neutralizing antibody ameliorated cocaine-mediated reduction of ZO-1 expression, thereby underscoring the role of PDGF-BB in this process. Validation of the role of PDGF was also independently determined by treating HBMECs with PDGF-BB alone. As shown in Figure 6C , PDGF-BB exposure resulted in a rapid downregulation of ZO-1 expression within as little as 1 hour.
Functional relevance of PDGF-mediated down-regulation of ZO-1 was confirmed by permeability assays. As shown in Figure  6D , exposure of HBMECs monolayer to either cocaine or PDGF-BB resulted in increased monolayer permeability and this effect was time-dependent (data not shown). Furthermore, exposure of cells to neutralizing antibody to PDGF-BB ameliorated cocaine-induced increase in cell permeability, thus implicating the role of PDGF-BB in cocaine-mediated disruption of BBB.
Cocaine-mediated induction of PDGF-BB in vivo
To validate cocaine-mediated induction of PDGF-BB in vivo, brain microvessels isolated from cocaine versus saline-treated mice were assessed for expression of PDGF-BB. Cocaine administration For personal use only. on July 15, 2017. by guest www.bloodjournal.org From resulted in increased expression of PDGF-BB in isolated microvessels compared with saline injected mice as demonstrated by both immunostaining of freshly isolated brain microvessels ( Figure 7A ) and by Western blotting (Figure 7B ) of the microvessel homogenates. Intriguingly, cocaine mediated up-regulation of PDGF-BB was ameliorated in Egr-1 Ϫ/Ϫ mice compared with WT controls ( Figure 7C ).
Cocaine-mediated permeability in vivo involves PDGF-BB
To validate the role of PDGF-BB in impairment of barrier integrity, we examined the permeability of low-molecular-weight sodium fluorescein into the brain in cocaine-administered and untreated mice. In brief, mice injected with cocaine were administered either anti-PDGF-BB neutralizing antibody or the isotype control for 7 days, followed by tail vein injection of sodium fluorescein. As demonstrated in Figure 7D , and as expected, cocaine injection disrupted the BBB, and this effect was ameliorated by anti-PDGF-BB antibody, but not the isotype control, lending support to the suggestion that PDGF-BB played a critical role in BBB damage. Because Egr-1 binding was critical for cocaine-induced expression of PDGF-BB both in vitro and in vivo systems, we next examined the effect of Egr-1 deficiency on permeability of BBB. As shown in Figure 7E , cocaine administration failed to cause BBB damage in Egr-1 Ϫ/Ϫ mice.
Discussion
Although antiviral therapies have had a profound impact on controlling systemic HIV-1 load, thus leading to increased longevity in AIDS patients, the inability of some of these drugs to cross the BBB actually results in a slow and smoldering infection/cell activation in the CNS. The brain thus becomes a sanctuary for virus-induced toxicity, leading to increased prevalence of HAND as these patients continue to live longer. Adding fuel to this problem is the increased use of illicit drug abuse that is also at issue in HIV-1-infected patients. Intriguingly, increased use of the psychostimulant cocaine in HIV-1-infected patients has been linked to increased HIV seroprevalence and disease progression. 30 However, the detailed mechanism of its action remains elusive.
Cocaine has been shown to "open" up the BBB, thereby increasing emigration of infected/activated leukocytes from blood vessels into the brain through direct effect on HBMECs and also indirectly, through the paracrine effects on BBB via release of proinflammatory cytokines (tumor necrosis factor-␣ and inteferon-␥). 2, [31] [32] [33] Cocaine can also alter BBB permeability via downregulation of tight junction protein-ZO-1 expression. 34 Furthermore, exposure of brain endothelial cells to cocaine has been demonstrated to up-regulate the expression of endothelial adhesion molecules like intracellular adhesion molecule-1, vascular cell adhesion molecule-1, and E-selectin, thereby increasing leukocyte migration across the endothelial monolayers. 31, 32 Cocaine thus causes impairment of barrier permeability and endothelial transmigration of HIV-infected leukocytes. 33 Although it is well known that cocaine abuse leads to changes in the limbic pathway resulting in addictive behavior, the aforementioned findings on the effect of cocaine on BBB, point to a yet another adjunctive role of this drug.
In the present study we demonstrated that exposure of HBMECs to cocaine resulted in induction of PDGF at both the transcriptional and translational levels, through the binding of cocaine to its cognate 1-R. Further dissection of the signaling pathways involved in cocaine-mediated induction of PDGF-BB by the use of pharmacologic and genetic approaches revealed activation of ERK, JNK, p38 MAPKs, and also PI3K/Akt pathway, a finding that is consistent previous reports on the effect of cocaine in microglia and neurons. 18, 25 Cocaine-mediated induction of PDGF-BB expression, however, involved ERK and JNK MAPKs but not p38 MAPK or PI3K/Akt pathways.
The transcription factor Egr-1 has emerged as a major regulatory transcription factor for several genes including growth factors such as PDGF-BB. 35, 36 Our findings demonstrated a timedependent up-regulation of Egr-1 protein in HBMECs. Further dissection of Egr-1 regulation with the use of both the pharmacologic and genetic approaches revealed the activation of ERK and JNK MAPKs pathways upstream of Egr-1. In agreement with our findings, requirement of ERK and JNK activation for Egr-1 expression has also been reported in FGF-2 treated astrocytes. 37 In an effort to determine a link between Egr-1 and PDGF-BB expression, we also demonstrated increased Egr-1 binding to the PDGF-B promoter in cocaine-exposed HBMECs, lending credence to the role of Egr-1 in PDGF-BB expression. Further support of Egr-1 involvement in cocaine-mediated PDGF-BB induction also was demonstrated by the use of both the siRNA and the genetic approaches. Our findings are in agreement with the report by Khachigian et al, 26 who demonstrated interaction of Egr-1 with the PDGF-B promoter in arterial endothelial cells.
Our results also demonstrated that cocaine-induced PDGF-BB expression involved activation of ERK and JNK MAPKs cascade and downstream activation of Egr-1. The role of Egr-1 in PDGF-BB induction has been confirmed in previous studies. 26 Moreover, MAPK-mediated transduction of its signal via activation of its BLOOD, 24 FEBRUARY 2011 ⅐ VOLUME 117, NUMBER 8 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From downstream transcription factor Egr-1 has also been implicated in other cellular systems. 37, 38 Consistent with these findings, we also confirmed the role of Egr-1 translocation in cocaine-mediated induction of PDGF-BB expression.
Functional implication of cocaine-mediated induction of PDGF-BB both in vitro and in vivo models of BBB also was assessed. Taking into account that PDGF-BB is a known agent involved in disruption of BBB and that cocaine-mediated decrease in ZO-1 expression involves PDGF-BB, we were interested to compare the kinetics of ZO-1 down-regulation independently by cocaine and PDGF-BB alone. Interestingly, PDGF-mediated downregulation of ZO-1 preceded that of cocaine, leading us to speculate that cocaine exerted its effect indirectly via induction of PDGF-BB. This was also confirmed by treating cells with PDGF-B neutralizing antibody, which resulted in reversal of cocaine-mediated down-regulation of ZO-1 expression. These findings are in agreement with a recent study implicating the role of PDGF family members in BBB damage. 5 In summary, our findings demonstrated detailed molecular pathway of cocaine-mediated induction of PDGF-BB in HBMECs involving activation of ERK and JNK MAPKs and downstream transcription factor Egr-1 pathways, resulting in increased PDGF-BB expression, and ultimately culminating into BBB damage, as summarized in Figure 7F . These findings have implications for HIV-1-infected cocaine abusers that are known to have increased risk of stroke and neuroinflammation.
